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Abstract—Proactive online monitoring in the nuclear industry is
being explored using the Electric Power Research Institute’s
Fleet-Wide Prognostic and Health Management (FW-PHM) Suite
software. The FW-PHM Suite is a set of web-based diagnostic
and prognostic tools and databases that serves as an integrated
health monitoring architecture. The FW-PHM Suite has four
main modules: (1) Diagnostic Advisor, (2) Asset Fault Signature
Database, (3) Remaining Useful Life Advisor, and (4) Remaining
Useful Life Database. This paper focuses on development of asset
fault signatures to assess the health status of generator step-up
generators and emergency diesel generators in nuclear power
plants. Asset fault signatures describe distinctive features based
on technical examinations that can be used to detect a specific
fault type. At the most basic level, fault signatures are comprised
of an asset type, a fault type, and a set of one or more fault
features (symptoms) that are indicative of the specified fault. The
Asset Fault Signature Database is populated with asset fault
signatures via a content development exercise that is based on the
results of intensive technical research and on the knowledge and
experience of technical experts. The developed fault signatures
capture this knowledge and implement it in a standardized
approach, thereby streamlining the diagnostic and prognostic
process. This will support the automation of proactive online
monitoring techniques in nuclear power plants to diagnose
incipient faults, perform proactive maintenance, and estimate the
remaining useful life of assets.

Keywords-  asset  fault signatures; generator  step-up
transformers; emergency diesel generators; fleet-wide monitoring

L INTRODUCTION

As the operating life of nuclear power plant (NPP) systems
is extended beyond the original licensing period, the need
arises for more sophisticated ways to monitor component
performance. One approach toward addressing this challenge is
the growing trend of moving from periodic, manual
assessments and surveillances of physical components and
structures to online condition monitoring. This is an important
transformational step in the management of NPPs, enabling
real-time assessment and monitoring of physical systems and
better management of components based on their performance.
Of particular importance will be the capability to determine the
remaining useful life (RUL) of a component to justify its
continued operation over an extended plant life.
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The U.S. Department of Energy, Office of Nuclear Energy
funds the Light Water Reactor Sustainability Program to
develop the scientific basis to extend the operation of
commercial light water reactors beyond the current 60-year
licensing period. The Advanced Instrumentation, Information,
and Control Systems Pathway under the Light Water Reactor
Sustainability Program is collaborating with the Electric Power
Research Institute’s (EPRI’s) Long-Term Operations Program
to conduct research and development on technologies that can
be used to enhance the long-term reliability, productivity, and
safety of aging light water reactors. One of the primary areas of
focus for the Light Water Reactor Sustainability and Long-
Term Operations Programs is online monitoring of active
assets in the nuclear industry.

An important objective of the research for online
monitoring of active assets is to implement predictive online
monitoring for the existing fleet of NPPs. EPRI’s Fleet-Wide
Prognostic and Health Management (FW-PHM) Suite software
was selected for use as a demonstration platform. The FW-
PHM Suite was specifically developed by EPRI for use in the
commercial power industry (both nuclear and fossil fuel). EPRI
and Idaho National Laboratory (INL) are working with nuclear
utility partners to develop asset fault signatures in the FW-
PHM Suite software for generator step-up transformers (GSUs)
and emergency diesel generators (EDGs). The nuclear utility
partners include Shearon Harris Nuclear Generating Station
(owned by Duke Progress Energy) for GSUs and Braidwood
Generating Station (owned by Exelon Nuclear) for EDGs.

This paper presents a detailed description of fault signature
development and the attributes of fault signatures. Examples of
fault signatures are presented that show different fault signature
attributes and their structure in the Asset Fault Signature (AFS)
Database. The paper is organized as follows. Section II briefly
describes the FW-PHM Suite software architecture. Different
attributes associated with a fault signature and steps involved in
developing a fault signature are described in Section III. A
representative is presented in Section IV for both EDG and
GSU. Finally, conclusions and future research are presented in
Section V.
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II.  FLEET-WIDE PROGNOSTIC AND HEALTH
MANAGEMENT SUITE

The FW-PHM Suite software is an integrated suite of
web-based diagnostic and prognostic tools and databases,
developed for EPRI by Expert Microsystems and is specifically
designed for use in the commercial power industry (for both
nuclear and fossil fuel generating plants). The FW-PHM Suite
serves as an integrated health management framework (as
shown in Figure 1), managing the functionality needed for
complete implementation of diagnostics and prognostics [1].
The FW-PHM Suite consists of four main modules: (1) the
Diagnostic Advisor, (2) the Asset Fault Signature Database, (3)
the Remaining Useful Life Advisor, and (4) the Remaining
Useful Life Database. The FW-PHM Suite has the capability to
perform diagnosis and prognosis at different hierarchical levels,
from the component level to the plant level, across a fleet of
power units.
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Figure 1. Data flow in the EPRI FW-PHM Suite [1].

The FW-PHM Suite uses AFSs as a structured
representation of the information that an expert would use to
first detect and then verify the occurrence of a specific type of
fault [1]. A fault describes a particular mode of degradation
that can be detected through analysis of plant information
before the asset condition reaches the point of failure to meet a
service requirement. An assumption is implied that the fault is
detectable through analysis of plant information and that the
analysis can be performed in time to prevent or otherwise
remedy the fault condition before it becomes a failure.

Fault signatures are developed for application to a specific
type of asset; therefore, they are organized with reference to
that type of asset. However, it is desirable to specify fault
signatures as broadly as possible to be used in the entire
industry. The fault signatures defined in this paper can be
applied to comparable assets used in similar service
environments.

The four primary modules in the FW-PHM Suite are
described in more detail as follows:

A. Asset Fault Signature Database

The ASF Database organizes fault signatures collected from
the many EPRI member utilities. At the most basic level, fault
signatures are comprised of an asset type, a fault type, and a set
of one or more fault features (symptoms) that are indicative of
the specified fault. Each installation of the software has two

separate database schemas: (1) the master database maintained
and distributed by EPRI and (2) a local database containing
data developed at the NPPs or fleet monitoring center. Locally
developed information can be exported and sent to EPRI for
evaluation and possible inclusion in the master database that is
shared amongst EPRI members. The process of developing
fault signatures to populate the AFS Database is described in
[2, 3], as well as discussed in detail in Section III of this paper.

B. Diagnostic Advisor

The Diagnostic Advisor identifies possible faults by
comparing ASFs with operating data. The Diagnostic Advisor
is expected to be used on a daily (or other periodic) basis by
technicians who are monitoring the health of a specific asset in
the plant. Using either online data sources or information that is
input manually (or a combination of online and offline data),
the Diagnostic Advisor presents the most likely faults (if any)
based on the available information and, when appropriate,
recommends additional information that might be used to
discriminate amongst the possible faults. The Diagnostic
Advisor is expected to streamline the diagnosis process by
helping the technician focus his/her efforts on the most likely
faults and possible causes, based on the operating behavior of
the system.

C. Remaining Useful Life Advisor

The RUL Advisor calculates RUL for an asset, based on the
model type, model parameters, input process parameters, and
diagnostic information from the Diagnostic Advisor. The RUL
Advisor is expected to be used on a periodic basis by
technicians who are monitoring the health of a specific asset in
the plant.

D. Remaining Useful Life Database

The RUL Database organizes asset RUL signatures
(i.e., models) collected from across the industry. At the most
basic level, an RUL signature is comprised of an asset type, a
model type, and model calibration parameters. An RUL
Signature also defines limiting conditions that defines the end-
of-life. The model type definition includes specification of the
input variables needed to run the model. Subject matter experts

from the power industry, EPRI, and EPRI’s
partners/subcontractors will most likely develop RUL
signatures.

Each implementation of FW-PHM consists of the EPRI
master database and a local user-developed database. Users can
incorporate new attributes for an existing fault signature or add
new fault signatures as the need arises. For example, additional
fault features identified as part of offline data mining could be
implemented. Users may choose to periodically export their
databases for review (shown in Figure 2). EPRI will evaluate
new information for inclusion in the master database and
periodically publish updates to the master database.

INL is working with subject matter experts from industry,
EPRI, and EPRI’s partners/subcontractors to develop fault
signatures for GSUs and EDGs. The developed fault signatures
are a structured representation of essential information used by
experts to detect the occurrence of a specific type of fault.
Although early detection of emergent faults is highly desirable,
this must be balanced with the likelihood of a false alarm.
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Figure 2. EPRI master database and user local database aggregation and
periodic master database updates [1].

III.  ASSET FAULT SIGNATURES

A. Attributes of a Fault Signature

A fault signature is always associated with an asset type
and a fault type. Asset types represent a specific definition of
an asset, with consideration given to the nature of its use in
service within a particular kind of NPP or NPP application.
Bushings within a GSU transformer are an example of an asset
type (shown in Figure 3). Asset subtypes represent a
generalized definition of asset, without consideration given to
the nature of its use in service within a particular kind of NPP
or NPP application. Each asset type is associated with an asset
subtype, attributes, and their values that are used to further
discriminate between subtypes (shown in Figure 4) (e.g., the
attribute bushing type is associated with the values draw—lead
and fixed—conductor).
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Figure 3. An example of asset types.

Fault types represent a specific definition of a fault, with
consideration given to its location and to the nature of its use

within a particular kind of NPP or NPP application. Paper
insulation degradation in a transformer winding is an example
of a fault type (shown in Figure 5). Fault attributes and their
values provide a way to discriminate specific fault causes (e.g.,
arcing and cellulose degradation are two of the fault attributes
of paper insulation degradation).
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Figure 4. An example of asset subtypes at the component level.
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Figure 5. An example of fault types at the component level for transformer
winding.

A fault type has a fault signature list, where characteristics
known as fault features are defined and can be used to detect
and verify the fault. Fault features represent the unique state of
one or more parameters indicating a faulty condition. In
addition, fault description, causes, effects, and remedies are
defined in fault signatures.

Asset type, fault type, and asset subtypes are organized into
five discrete levels within the AFS database: (1) plant, (2) unit,
(3) system, (4) equipment, and (5) component. A structured
and organized representation of a fault signature in the AFS
Database allows easy manipulation and management of fault
signature by computers.

B. Developing Fault Signatures

A step-by-step procedure for developing an ASF includes
the following four steps (shown in Figure 6):

1. Specify the asset type for which the fault signature(s) is to
be developed. For the specified asset type, gather
information on its operating range, mechanisms of
degradation, and observable features that can detect the
degrading conditions. The information can be gathered
from multiple sources such as EPRI’s Preventive
Maintenance Basis Database, Fossil Maintenance
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Figure 6. Steps involved in gathering ASFs [6].

Application Center and Nuclear Maintenance Application
Center, and from other notable sources (e.g., textbooks,
equipment guide, and publications).

2. Specify the fault type and any narrowing attributes that can
be used to make the fault more specific. For example, the
most common fault type associated with transformer
winding is paper insulation degradation. Fault attributes
such as arcing, cellulose decomposition, high oil acidity,
high oil moisture level, and partial discharge are
commonly used to identify the root cause of paper
insulation degradation in a transformer winding.

3. For each fault type, fault signatures are developed. For
each fault signature, specify a fault feature comprised of
information on (1) location that the plant data are
collected; (2) technology or technologies used to identify
the fault (e.g., oil analysis in transformers); (3)
examination (e.g., particle content, gas analysis, or
moisture content) and outcome of examination (i.e., the
result, whether normal, abnormal, high, low, marginal, or
unacceptable); and (4) the effectiveness (e.g., low,
medium, high, or very high) of the fault feature in
detecting the fault condition. A fault type can have more
than one fault signature with more than one fault feature.

4. Provide a description of the fault condition, possible
causes, remedies, and effects on the asset (if left
uncorrected).

Note that some fault features might be common to more
than one fault signature. For example, in the case of GSUSs, the
acid number of the transformer insulating oil is a common fault
feature for two fault signatures: high acidity and paper
insulation degradation due to electrical discharge (see
Figure 7). In this situation, the effectiveness of the fault feature

serves as a differentiating factor and is used by the Diagnostic
Advisor to rank the possible diagnoses.

Several fault signatures have been developed and
implemented in the AFS Database as part of a knowledge
transfer exercise with utility partners for GSUs [2, 4] and
EDGs [2, 5]. The developed fault signatures were implemented
into the AFS Database, based on the procedure described in [6].
The ability of the FW-PHM Suite’s Diagnostic Advisor to
diagnose primary winding paper insulation degradation in a
GSU and improper valve timing in an EDG based on the
implemented fault signatures into the AFS Database is
presented in [2, 3].

IV. EXAMPLE FAULT SIGNATURES

A. Generator Step-Up Transformer Fault Signatures

Primary winding paper insulation degradation is one of the
common faults in transformers [7]. The two most common
modes of primary winding paper insulation degradation in
GSUs are electrical (due to electrical discharge) and thermal
(due to thermal degradation).

Paper insulation degradation due to electrical discharge
represents the occurrence of either a partial discharge
phenomenon or an arcing phenomenon. Figure 7 shows that
the significant fault features associated with this degradation
involve monitoring gas concentration levels of acetylene and
hydrogen, both individually and jointly. The acidity of the
insulating oil is also a fault feature.

The technology commonly used to measure individual gas
concentrations in the transformer insulating oil is dissolved
gas analysis. A steep increase in the hydrogen concentration
compared to other dissolved gases in the transformer
insulating oil is an indication of partial discharge. Similarly,



an increase in both hydrogen and acetylene concentrations
compared to other dissolved gases is an indication of arcing. A
steep increase in the hydrogen concentration level is the
primary indication of paper insulation degradation due to
electrical discharge; therefore, its effectiveness is very high
when compared to the hydrogen and acetylene concentrations.

An increase in the acidity level of the insulating oil will
lead to insulation degradation, which, in turn, would accelerate
the possibility of electrical discharge because the dielectric
strength of the paper insulation decreases.

Figure 8 shows that the significant fault features associated
with thermal paper insulation degradation involve monitoring
the concentration of carbon monoxide (the key indicator) and
the concentration of carbon dioxide from dissolved gas
analysis. For each measured concentration of carbon
monoxide and carbon dioxide, the ratio of carbon monoxide to

Signature List

Locel1-PAPER INSULATION DEGRADATION: THERMAL
Lacal2-PAPER INSULATION DEGRATION: ELECTRICAL Signature Source

carbon dioxide is computed. An increase in temperature inside
the transformer due to localized heating or due to loss of
cooling systems for an extended period causes the cellulose
material of the primary winding paper insulation to degrade
and generate carbon monoxide (primarily) and carbon dioxide
gases. A steep increase in the carbon monoxide concentration
level and corresponding decrease in the carbon dioxide to
carbon monoxide ratio indicates thermal degradation of
primary winding paper insulation. The carbon monoxide fault
feature is assigned a very high effectiveness for thermal
degradation of the primary winding insulation.

It is important to prevent the primary winding from
operating at excess temperature (i.e., above the operating
limit) for a prolonged period of time because it could
deteriorate the credibility of the winding insulation. Therefore,
the primary winding temperature is also a viable fault feature.

Summary for 2-PAPER INSULATION DEGRATION: ELECTRICAL

GSU Diagnostic Workshop at Shearon Harris NPP, Raleigh, NC, September 2012

Fault Features

Exam Location
INSULATING QIL
INSULATING OIL
INSULATING QIL
INSULATING OIL

Technology
DISSOLVED GAS

DISSOLVED GAS
DISSOLVED GAS

Fault Descriptions

INSULATING QIL ANALYSIS

Exam Fault Value Effectiveness
ACID NUMBER ABNORMAL Medium

C2H2 LEVEL MARGINAL Very High

H2 LEVEL MARGINAL Very High

H2 & C2H2 LEVEL MARGINAL High

Winding paper insulation degradation due to electrical discharges.

Causes
Fault Location Fault Type
TANK TANK DAMAGE
RADIATOR FAN FAILS TO OPERATE
Effects

Fault Location
PRIMARY WINDING
INSULATING OIL

Fault Type

CONTAMINATION

Remedies

Rebuild or replace winding.

DAMAGE OR DISPLACEMENT

Description
Increase in moisture content due to leakage of water into the tank.
Loss of external cooling system.

Description
Turn to turn shorts; partial discharge and arcing.
Particulate, sludge and/er dissolved gas contamination of insulating oil.

Figure 7. Paper insulation degradation: electrical fault signature and associated fault features.
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Summary for 1-PAPER INSULATION DEGRADATION: THERMAL

GSU Diagnostic Workshop st Shearon Harris NPF, Raleigh, NC, September 2012

Fault Features

Exam Location
INSULATING OIL
PRIMARY WINDING
INSULATING OIL

Technology

Fault Descriptions

Winding paper insulation degradation

Causes

Fault Location Fault Type
TANK TANK DAMAGE
RADIATOR FAN FAILS TO OPERATE

Effects

Fault Location
PRIMARY WINDING
INSULATING QIL

Fault Type

CONTAMINATION

Remedies

Rebuild or replace winding.

DISSOLVED GAS

DISSOLVED GAS

DAMAGE QR DISPLACEMENT

Exam Fault Value Effectiveness
CO2/CO RATIO MARGINAL High
TIME AT EXCESS TEMPERATURE VALUE ABNORMAL Medium
CO LEVEL MARGINAL Very High

Description
Increase in moisture content due to leakage of water into the tank.
Loss of external cooling system.

Description
Turn te turn shorts, partisl discharge and arcing.
Particulate, sludge and/or dissolved gas contamination of insulating oll.

Figure 8. Paper insulation degradation: thermal fault signature and associated fault features.



B. Emergency Diesel Generator Fault Signature

EDGs are safety-related assets that are required to operate
reliably if the external grid power supply to an NPP is
interrupted. EDGs are required to start, run, and take the basic
load that is essential for safe shutdown of the NPP. There are
many faults that could lead to EDG failure. One of the faults is
improper valve timing (alternately referred to as ignition
timing) for the diesel engine cylinder. Figure 9 shows the
improper valve timing fault signature implemented in the AFS
Database. Exhaust temperature analyses (i.e., the temperature
measured at each diesel cylinder and the temperature
differential between diesel cylinders) are identified as
significant fault features that could be used to diagnose
improper valve timing in diesel engines.

Figures 6-8 list the possible causes, effects, and remedies
associated with each fault type. This information could be
used to assist plant maintenance engineers in optimizing
maintenance activities.

Signature List
et ST e W VE T Summary for 940(Master)-IMPROPER VALVE TIMING
Signature Source

Braidwood Generating Station EDG Diagnostic Workshop

Fault Features

Exam Location
DIESEL ENGINE
DIESEL ENGINE
DIESEL ENGINE
DIESEL ENGINE

Technology
TEMPERATURE
TEMPERATURE DIFFERENTIAL
TEMPERATURE DIFFERENTIAL
TIME FROM MAINTENANCE

Fault Descriptions

Several faults signatures for GSUs and EDGs have been
implemented in the AFS Database; verification and validation
of these fault signatures are pending. A demonstration
showing the ability of the FW-PHM Suite to diagnose a
developing fault is documented in a report [3] and in a video
[8]. Emerging faults were simulated by adding drifts to plant
data. The demonstration highlights the ability of the software
to identify faults based on evolving symptoms, using both
online and offline data sources.

V. CONCLUSIONS AND FUTURE WORKS

This paper presented different attributes of an AFS that
allows a structured representation of the information captured
from different sources. Development of a representative GSU
fault signature and EDG fault signature was discussed.
Implementation fault signatures in the AFS Database of the
FW-PHM Suite for GSUs and EDGs will serve as a
foundation for implementation of automated online monitoring
for GSUs and EDGs in the nuclear industry.

Exam Fault Value Effectiveness

WVALUE MARGINAL High
WVALUE MARGINAL Very High
WALUE MARGINAL High
VALUE RECENT High

The exhaust valve is not opening and/er closing at the correct time in relation to the engine rotation position.

Causes

Fault Location
EXHAUST VALVE
EXHAUST VALVE
EXHAUST VALVE

Fault Type
MISALIGNMENT
PARTIALLY STUCK OPEN
BROKEN TIMING CHAIN

Description

Effects
Fault Location Fault Type
EXHAUST MANIFOLD EXCESSIVE EMISSIONS
PISTON DAMAGE
DIESEL ENGINE AGING

DIESEL ENGINE LOW EFFICIENCY

Remedies

Check alignment of exhaust valve

Improper alignment of exhaust valve during the most recent valve adjustment.
Exhaust valves stuck partially open
Timing chain broken due to problems with the camshaft, pushrod, racker arm, spring, quide or seat.

Description

Excessive exhaust emissions

Piston and valve collide resulting in extensive damage
Accelerated aging due to higher engine temperature

Lower engine efficiency due te off-optimum operating condition

Inspect for significant wear of compenents such as camshaft, pushred, rocker arm, spring, guide, and seat.

Figure 9. Diesel engine improper valve timing fault signature and associated fault features.

In the future, EPRI and INL will continue to work with
nuclear utility partners to develop and verify a full set of fault
signatures covering a wide range of recognized faults for
GSUs and EDGs, enabling implementation in NPPs.
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